Effect of Oxidative Stress on DNA Repairing Genes 51
The • OH is an extremely reactive oxidant [Halliwell & Gutteridge, 1999 , Khanna & Shiloh, 2009 . It is also a short-lived molecule with an estimated half-life of nanoseconds at 37 • C, traveling only a few Ångstroms. Despite its short life span, • OH is capable of inducing considerable damage to nuclear and mitochondrial DNA. This radical alone can cause over 100 types DNA modifications [Khanna & Shiloh, 2009 , Michalik et al., 1995 . In addition, • OH can lead to lipid peroxidation and oxidation of amino acids, sugars, and metals. The • OH is a major product of irradiation due to radiation-induced dissociation of water molecules. Although H 2 O 2 itself is not a radical, it is included in ROS due to producing highly reactive free radical, • OH. H 2 O 2 is one of the most stable ROS and acts as a messenger in cellular signaling pathways [Khanna & Shiloh, 2009 , Kamata & Hirata, 1999 . There are some enzymes that can produce H 2 O 2 directly or indirectly, including SOD, monoamine oxidase (MAO), diamine and polyamine oxidase, and glycolate oxidase. Under normal conditions, H 2 O 2 is not toxic up to a cellular concentration of about 10 −8 M [Imlay et al., 1988 ] H 2 O 2 molecules are freely dissolved in aqueous solution and can easily penetrate biological membranes. Their deleterious chemical effects can be divided into the categories of direct activity, originating from their oxidizing properties, and indirect activity in which they serve as a source for more deleterious species, such as OH . or HClO. In the presence of transition metals such as Fe 2+ or Cu + , H 2 O 2 it can be converted to highly reactive • OH, either by Fenton or Harber-Weiss reactions [Yamasaki & Piette, 1991 , Halliwell & Gutteridge, 1999 , Khanna & Shiloh, 2009 . H 2 O 2 is detoxified by a set of enzymes that includes the selenium-dependent glutathione peroxidase (GPx) and catalase. The nitric oxide (NO), or nitrogen monoxide, which is a radical (NO • ), is produced by the oxidation of one of the terminal guanido nitrogen atoms of L-arginine. In this reaction, Larginine is converted to NO and L-citrulline by nitric oxide synthase (NOS) which has three isoforms: neuronal NOS, endothelial NOS (eNOS), and inducible NOS (iNOS). NO is quite stable and benign for a free radical, with a lifetime of several seconds. Under normal conditions, NO has many physiological functions such as a neuronal messenger and modulator of smooth muscle contraction. NO can interact with • O 2 − to form the peroxynitrite anion (ONOO−) that induces a cascade of events that can eventually lead to cell death [Radi et al., 1991a] . This molecule accounts for much of the NO toxicity. The reactivity of ONOO− is roughly the same as that of • OH and N O 2 • . Its toxicity is derived from its ability to directly nitrate and hydroxylate the aromatic rings of amino acid residues [Schafer & Buettner, 2001] and to react with sulfahydryls [Beckman et al., 1992] , lipids [Radi, 1991b] , proteins [Moreno & Pryor, 1992] and DNA [King et al., 1992] . Under physiological conditions, ONOOH can react with other components present in high concentrations, such as H 2 O 2 or CO 2 , to form an adduct that might be responsible for many of the deleterious effects seen in biological sites. Peroxynitrite anion can also affect cellular energy status by inactivating key mitochondrial enzymes [Radi et. Al, 1994] , and it may trigger calcium release from the mitochondria [Packer & Murphy, 1994] .
Classification of reactive oxygen species
ROS generated in response to both endogenous and exogenous stimuli can be divided into Endogenous ROS and exogenous ROS. (Figure 1 ) [Ziech et al., 2010 , Fukai & Nakamura, 2008 , Klaunig & Kamendulis, 2004 , Galaris et al., 2008 .
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Endogenous ROS
In eukaryotic cells, aerobic respiration in the mitochondria is the main source for the generation of ROS. ROS are also produced by peroxisomal oxidation of fatty acids, microsomal cytochrome P450 metabolism of xenobiotic compounds, stimulation of phagocytosis by pathogens or lipopolysaccharides, arginine metabolism and tissue specific enzymes [Adly, 2010] . Enzymes in the cytosol, such as oxygenases, peroxidases and oxidases, generate small amounts of ROS. It is estimated that more than 95% of • O 2 − produced during normal metabolism are generated as a by-product from the electron transfer reactions at the inner mitochondrial membrane. Approximately 1-2% of the O 2 consumed by mitochondria is converted into • O 2 − [Cadenas & Davies, 2000 .Because of such a highly oxidative environment, mitochondria are also one of the main cellular targets of ROS induced damage, and in fact relatively high levels of oxidized proteins, lipids and nucleic acids are detected in mammalian mitochondria under normal metabolic conditions , Raha & Robinson, 2000 . Another significant endogenous source of ROS production is via the reduction of molecular O 2 by inflammatory cells [Klaunig & Kamendulis, 2004 , Ziech et al., 2010 , Fukai & Nakamura, 2008 . In this reaction, phagocytes produce • O 2 − via oxygen's monovalent reduction. In order to counterbalance ROS-mediated injury, endogenous antioxidant defense systems exist and function by quenching and clearing intracellular ROS activity and accumulation and maintaining redox equilibrium [Ziech et al., 2010 , Dizdaroğlu et al., 1993 . Generated chronic oxidative stress damage to cellular macromolecules like DNA, lipids and proteins [Klaunig & Kamendulis, 2004 , Ziech et al., 2010 . The endogenous enzymatic antioxidant defenses (SOD, GPx and catalase) can counterbalance oxidative microenvironments by chelating superoxide and various other peroxides. Also, the non-enzymatic endogenous antioxidants (Vitamins E and C, coenzyme Q, B-carotene and glutathione) have the ability to eliminate ROS activity. Thus, ROS can be considered as critical determinants of intracellular redox states and thus serve as important cellular regulatory mechanism(s) in both health and disease [Klaunig & Kamendulis, 2004 , Ziech et al., 2010 .
Exogenous ROS
Environmental agents like radiation, xenobiotics and chlorinated compounds are significant inducers of cellular damage via ROS mediated toxicity [Galaris et al., 2008] . In addition, anticancer drugs, anesthetics, analgesics, trauma; radiation; electromagnetic fields; alcohol; cigarette smoke; medications; stress; allergens; cold, excessive exercise; dietary factors such as excess sugar, saturated fat and fried oils; malnutrition and various disease states have been considered as most established environmental sources of ROS [Cadenas & Davies, 2000] . Furthermore, exposure to ionizing and ultraviolet radiations also induces ROS-mediated alterations in major pathways associated with the control of cellular growth and survival. For instance, ultraviolet B rays can damage DNA directly and also increase ROS concentrations in epidermal cells [Mena et al., 2009] . In addition, urban air contains a mixture of oxidizing gases and particulates arising from a variety of sources, such as power plants, motor vehicles, wildfires and waste incinerators. Chronic exposure to polluted air induces irreversible damage to cellular macromolecules (DNA, proteins, lipids etc.) via ROS production and their accumulation in cells and tissues [Moller et al., 2008] . Metabolism of exogenous sources of ethanol and phenobarbital contributes to ROS generation through changes in the cytochrome P450 pathway [Wu & Cederbaum, 2003 ].
ROS-mediated DNA damage
Although DNA is a stable and well-protected molecule, ROS can interact with it and cause several types of damage: modification of DNA bases, single-and double-DNA breaks, loss of purines (apurinic sites), damage to the deoxyribose sugar, DNA-protein cross-linkage, and damage to the DNA repair system (Figure 1 ) [Kohen & Nyska, 2002] . Of the ROS, the highly reactive •OH reacts with DNA by addition to double bonds of DNA bases and by abstraction of an H atom from the methyl group of thymine and each of the C-H bonds of 2'-deoxyribose. Addition of •OH to the C5-C6 double bond of pyrimidines leads to C5-OH and C6-OH adduct radicals of cytosine and thymine and H atom abstraction from thymine results in the allyl radical. Adduct radicals differ in terms of their redox properties, C5-OH-and C6-OH-adduct radicals of pyrimidines possess reducing and oxidising properties, respectively [Sonntag, 1987 , Steenken, 1987 , Teoule, 1987 , Cooke et al., 2003 . Pyrimidine OH-adduct radicals and the allyl radical are oxidised or reduced depending on their redox environment, redox properties and reaction partners, yielding a variety of products [Dizdaroglu, 1992 , Evans et al., 2004 . Product types and yields depend on absence and presence of O 2 and on other conditions [Cooke et al., 2003 , Breen & Murphy, 1995 . In the absence of O 2 , the oxidation of C5-OH adduct radicals, followed by addition of OH_ (or addition of water followed by deprotonation), leads to cytosine glycol and thymine glycol. The oxidation of the allyl radical of thymine yields 5-hydroxymethyluracil (5-OHMeUra) when molecular O 2 adds to C5-OH-adduct radicals at diffusion-controlled rates generating C5-OH-6-peroxyl radicals, which subsequently eliminate O 2 •− followed by reaction with water (addition of OH − ) to yield thymine and cytosine glycols [Evans et al., 2004 , Sonntag, 1987 , Teoule, 1987 . Addition of O 2 to the allyl radical leads to 5-OHMeUra and 5-formyluracil (5-FoUra). Pyrimidine peroxyl radicals are also reduced and then protonated to give hydroxyhydroperoxides [Teoule, 1987] , which decompose and yield thymine glycol, 5-OHMeUra, 5-FoUra, and 5-hydroxy-5-methylhydantoin [Wagner et al., 1994 , Dizdaroglu et al., 1993a . Cytosine products may deaminate and dehydrate. Cytosine glycol deaminates to give uracil glycol, 5-hydroxycytosine (5-OH-Cyt), and 5-hydroxyuracil (5-OH-Ura) that are unique in that they can deaminate and dehydrate. However, there is evidence that these four compounds (cytosine glycol, uracil glycol, 5-OH-Cyt, and 5-OH-Ura) may simultaneously be existed damaged DNA [Wagner et al., 1994 , Dizdaroglu et al., 1993a . In the absence of O 2 , C5-OH adduct radicals may be reduced, followed by protonation to give rise to 5-hydroxy-6-hydropyrimidines. 5-Hydroxy-6-hydrocytosine (5-OH-6-HCyt) readily deaminates into 5-hydroxy-6-hydrouracil (5-OH-6-HUra). Similarly, C6-OH adduct radicals of pyrimidines are reduced yielding 6-hydroxy-5-hydropyrimidines. Formation of these products are inhibited in the presence of O 2 , because O 2 reacts with their precursors C5-OH-and C6-OH-adduct radicals at diffusion-controlled rates to yield peroxyl radicals and then other products. Further reactions of C5-OH-6-peroxyl and C6-OH-5-peroxyl radicals of cytosine result in formation of 4-amino-5-hydroxy-2, 6(1H, 5H)-pyrimidinedione and 4-amino-6-hydroxy-2, 5(1H, 6H)-pyrimidinedione, respectively. The former deaminates to give dialuric acid, which is readily oxidised to yield alloxan [Dizdaroglu et al., 1993a , Behrend et al., 1989 , Dizdaroglu 1993b . The presence of alloxan in damaged DNA has been shown by its release from DNA by E. coli Nth [Dizdaroglu et al., 1993a] .
Decarboxylation of alloxan yields 5-hydroxyhydantoin (5-OH-Hyd) upon acidic treatment. Isodialuric acid is formed by deamination of 4-amino-6-hydroxy-2, 5(1H, 6H)-pyrimidinedione. However, these two compounds may simultaneously exist in DNA as evidenced from the detection of their enol forms (5, 6-dihydroxycytosine (5, 6-diOH-Cyt) and 5, 6-dihydroxyuracil (5, 6-diOH-Ura), respectively) [11, 13] . 5-OH-6-hydroperoxide of cytosine undergoes intramolecular cyclisation to yield trans-1-carbamoyl-2-oxo-4, 5-dihydroxyimidazolidine as a major product in cytosine [Kohen & Nyska, 2002] However, this compound is formed as a minor product in DNA [Dizdaroglu et al., 1993a , Behrend et al., 1989 , Dizdaroglu 1993b . Hydroxyl adduct radicals of guanine are formed by addition of •OH to the C4-, C5-and C8-positions of guanine, generating C4-OH-, C5-OH-and C8-OH-adduct radicals [O'Neill, 1983 , Steenken, 1989 , Candeisas & Steenken, 2000 . The 6-substituted purines such as adenine undergo analogous reactions, yielding at least two OH adducts, are formed: C4-OH and C8-OH adduct radicals [Steenken, 1989 , Candeisas & Steenken, 2000 . C4-OH and C5-OH adduct radicals of purines differ in their redox properties, with C4-OH-adduct radicals being oxidising, and C5-OH-and C8-OH-adduct radicals being primarily reducing. On the other hand, different mesomeric structures of these radicals may be oxidizing or reducing, a phenomenon called "redox ambivalence" [Vieira & Steenken, 1990] . Dehydration of C4-OH-and C5-OH-adduct radicals of purines reconstitutes the purine by first yielding a purine (-H)• radical, followed by reduction and protonation [Melvin et al., 1996] . The C4-OH-adduct radical of guanine also eliminates OH− to give rise to the guanine radical cation (guanine•+), which may deprotonate depending on pH to give guanine( -H)• [Moreno & Pryor, 1992] . Furthermore, on the basis of product analysis, the radical cation does not hydrate to lead to the C8-OH adduct radical and then to 8-hydroxyguanine by oxidation. However, it may react with 2'-deoxyribose in DNA by H abstraction, leading to DNA strand breaks [O'Neill & Chapman, 1985] . This diversity has been explained by the notion that the hydration of guanine•+ in ds-DNA may be much faster than that of monomeric guanine•+ [Candeias & Steenken, 2000] . O 2 readily reacts with guanine( -H)•; however, its reaction with the C4-OH-adduct radical of guanine is rather slow [Candeias & Steenken, 2000] . The reaction of guanine(-H)• with O 2 leads to imidazolone and oxazolone derivatives [Cadet et al., 1991] . However, this suggestion has not been confirmed by pulse radiolysis data and an alternative mechanism has been proposed [Melvin et al., 1996] . The C4-OH-adduct radical of adenine readily reacts with O 2 , however, final products of this reaction are not known [O'Neill & Chapman, 1985] . C8-OH adduct radicals of purines may be oxidized by oxidants including O 2 . In contrast to C4-OH adduct radicals, their reaction with O 2 is diffusion controlled [Vieira & Steenken, 1990] . 8-Hydroxypurines are formed in DNA by the one-electron oxidation of C8-OH-adduct radicals [Bielski & Cabelli, 1995 , Halliwell & Gutteridge, 1999 This reaction competes with the unimolecular opening of the imidazole ring by scission of the C8-N9 bond [Steenken, 1989 , Candeias & Steenken, 2000 . The one-electron reduction of the ring-opened radical leads to 2, 6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua) from guanine and 4, 6-diamino-5-formamidopyrimidine (Fapy-Ade) from adenine [O'Neill, 1983 , Breen & Murphy, 1995 . The C8-OH adduct radicals may also be reduced without ring opening to give rise to 7-hydro-8-hydroxypurines, which, as hemiorthoamides, are converted into formamidopyrimidines. However, 8-Hydroxypurines and formamidopyrimidines are unique in that they are formed in DNA both in the absence and presence of O 2 , although O 2 increases the yields of 8-hydroxypurines. Moreover, other experimental conditions highly affect the yields of these compounds, such as the presence of reducing or oxidizing agents [Dizdaroglu, 1992 , Breen & Murphy, 1995 . In the case of adenine, the •OH attack at the C2-position has also been proposed to take place and yield 2-hydroxyadenine (2-OH-Ade) when oxidation of the thus-formed C2-OH-adduct radical . Reactions of pyrimidines and purines result in multiple products in DNA. Most of these modified bases were identified in DNA in vitro and in vivo upon exposure to free radical generating systems [Dizdaroglu, 1998 ]. Reactions of •OH with the sugar moiety of DNA by H abstraction give rise to sugar modifications. Some sugar products are released from DNA as free modified sugars, whereas others remain within DNA or constitute end groups of broken DNA strands. A unique reaction of the C5'-centered sugar radical is the addition to the C8-position of the purine ring of the same nucleoside. This intramolecular cyclisation followed by oxidation yields 8, 5'-cyclopurine-2'-deoxynucleosides [Dizdaroglu, 1986 , Dirksen et al., 1988 . Both 5'R-and 5'S-diastereomers of 8, 5'-cyclo-2'-deoxyguanosine (cyclo-dG) and 8, 5'-cyclo-2'-deoxyadenosine (cyclo-dA) are generated in DNA [Dizdaroglu, 1986 , Dirksen et al., 1988 . (5'R)-and (5'S)-cyclo-dGs were also identified in human cells exposed to ionizing radiation [Dizdaroglu, 1987] . These tandem lesions represent a concomitant damage to both the base and sugar moieties of DNA. O 2 inhibits their formation by reacting with the C5' centered sugar radical before cyclization. Another reaction of base radicals is the addition to an aromatic amino acid of proteins or combination with an amino acid radical, leading to DNA-protein cross-linking [Dizdaroglu, 1988] . Covalent DNA-protein cross-links are formed in cells in vivo or in chromatin in vitro by exposure to free radical-generating systems, e.g., ionising radiation. The formation of a thymine-tyrosine cross-link has been observed in mammalian chromatin in vitro and in living cells upon exposure to ionising radiation, H 2 O 2 , metal ions and carcinogenic compounds [Dizdaroglu et al. 1989 , Olinski et al., 1992 , Altman et al., 1995 . The formation mechanism of DNA-protein cross-link has been proposed to involve the addition of the allyl radical of thymine in DNA to tyrosine in a protein, followed by oxidation. Chemical structures of other DNA base-amino acid cross-links have been identified in mammalian chromatin in vitro, but not in vivo [Dizdaroglu, 1998] 5. Mechanism of oxidative DNA base damage: The BER pathway As mentioned above, excess ROS may induce oxidative DNA damage, DNA strand breaks, base modifications and chromosomal aberrations [Marnett, 2000] . For repair of the DNA damage, human cells have five DNA repair systems: Direct reversal, mismatch repair, double-strand break repair, base excision repair (BER) and nucleotide excision repair (NER) [Wood et al., 2001] . DNA lesions resulting from oxidative stress, as well as single strand breaks, are repaired via the BER pathway in organisms ranging from E. coli to mammals (Figure 1) [Hazra et al., 2007 , Krokan et al., 2003 . It is believed that DNA-BER is the major pathway for repairing deaminated bases and bases with oxidative damage generated by ROS and can be used to repair alkylated bases [Hazra et al., 2007 , Hedge et al., 2008 . BER has 4 main steps (i.e. base removal, AP site incision, synthesis, and ligation) and involves 4 major classes of DNA repair enzymes: DNA glycosylases, APE, DNA polymerases, and DNA ligases. The proteins involved in this reaction function in concert to remove a damaged DNA base and replace it with the correct base. A currently accepted model for the BER pathway reveals five distinct enzymatic steps for the repair of damaged bases.
Glycosylases at the initial step of BER. DNA glycosylases make BER possible -glycosylases recognize specific damaged bases and excise them from the genome, effectively initiating both longpatch and short-patch BER. To date, 11 different mammalian glycosylases have been characterized. The primary function of most DNA glycosylases is to recognize their substrate (the damaged base) and catalyze the cleavage of an N-glycosidic bond, releasing a free base and creating an abasic site [Lindahl, 1974] . In addition to catalyzing the cleavage of N-glycosydic bonds, some glycosylases are bifunctional having an additional AP lyase activity [O'Connor & Laval, 1989] . The uracil-DNA glycosylase (UNG) was the first DNA glycosylase identified and cloned [Lindahl, 1974] . MPG, N-methylpurine-DNAglycosylase, and 8-oxoguanine-DNA glycosylase (OGG1)represent some extensively studied DNA glycosylases [Sedgwick et al., 2007 , Kavli et al., 2007 , Klungland & Bjelland, 2007 , Robertson et al., 2009 . After recognition of the damaged base by the appropriate DNA glycosylase, this glycosylase catalyzes the cleavage of an N-glycosidic bond, effectively removing the damaged base and creating an apurinic or apyrimidinic site (AP site). The DNA backbone is cleaved by either a DNA AP endonuclease or a DNA AP lyase -an activity present in some glycosylases. AP endonuclease activity creates a single-stranded DNA nick 5' to the AP site, contrasting with the nick being created 3' to the AP site as a result of activity ( -elimination or , δ-elimination). Repair can then proceed through one of two subpathways: short or long-patch BER. The short-patch BER involves the incorporation of a single nucleotide into the gap by DNA polymerase followed by strand ligation by DNA ligase. The long-patch BER involves incorporation of several nucleotides, typically two to seven, followed by cleavage of the resulting 5' flap and ligation. Mitochondria possess independent BER machinery, the components of which are coded by nuclear genes. Most DNA glycosylases have broad substrate specificities but can have preferences for either purines or pyrimidines. The major bifunctional glycosylase for purines is 8-oxoguanine DNA glycosylase 1, which removes OHdG and 8-oxoG. Most oxidized pyrimidines are removed by endonuclease III-like protein, uracil DNA glycosylase (UNG), and Nei-like DNA glycosylase (NEIL-1 and NEIL-2). In human cells, there are at least 2 isoforms of OGG1 ( and ) that arise from alternative splicing of products of the OGG1 gene [Boeiteux & Radicella, 2000 ]. -OGG1 is a 345-amino acid (~39 kd) protein that localizes to the nucleus and mitochondria, whereas -OGG1 is a 424-amino acid protein (47 kd) that seems to localize exclusively to mitochondria [Boeiteux & Radicella, 2000] . Because of the absence of an O helix domain, -OGG1 seems to lack glycosylase activity . Endonuclease III-like protein 1 is a 312-amino acid (~34 kd) protein that localizes to the nucleus. OGG1 and endonuclease III-like protein require duplex DNA for efficient repair. After the glycosylase reaction, the newly created nick is processed by the Apurinic/apyrimidinic endonuclease (APE), creating a single-nucleotide gap in the DNA. Importantly, the gap created contains a 3'-hydroxyl and a 5'-phosphate, substrates compatible with the downstream enzymatic reactions in BER. APE cleaves intact AP sites by making a single nick 5′ to the AP site to create 3′-OH and 5′-deoxyribose phosphate termini that are removed by the activity of 3′-OH and 5′-deoxyribose phosphatase proteins such as DNA Pol . The 3-phosphate removal activity of APE is, however, approximately 70-fold lower than the AP endonuclease activity of APE [Winters et al., 1994] , suggesting that other enzymes are important for the processing of damaged 3′ ends [Takahashi et al., 2007] APE is a 317-amino acid (~37 kd) multifunctional protein localized to the nucleus [Demple et al., 1991] . In addition to its role in BER, APE is required for the redox activation of transcription factors (e.g. p53) spontaneously oxidized at cysteine residues in DNA binding domains to establish DNA binding activity [Jayaraman et al., 1997] . Deletion of APE in mice causes embryonic lethality [Jayaraman et al., 1997] . Cells from mice with APE haploinsufficiency respond poorly to oxidative stress [Meira et al., 2001 ]. The nick generated by the cleavage of the abasic site is filled in by either Pol  or Pol / in the nucleus, and Pol  in the mitochondria. Pol  is the only DNA polymerase identified so far in vertebrate mitochondria and functions both as the replicative and the repair polymerase [Weissman et al., 2007 , Kaguni, 2004 . Relevant to its role in BER, Pol  has a dRP-lyase activity and can catalyze the 3'-end-processing necessary for short-patch BER [Longley et al., 1998 ]. The final step in the BER pathway is ligation of the nick with the correct nucleotide by DNA polymerases. An adenosine triphosphate-dependent DNA ligase (Ligase [Lig]I or III) completes the repair process and restores the integrity of the helix by sealing the nick. In the nucleus, two distinct DNA ligases participate in BER, ligase I, which has been implicated in long-patch BER, and ligase III, implicated in short-patch. The human ligase III gene (LIG3) also encodes for a mitochondrial variant, with a putative MTS generated by an alternative downstream translation initiation site [Lakshmipathy & Campbell, 1999 , Lakshmipathy & Campbell, 2001 . The localization of ligase III protein to mitochondria suggests, then, that this enzyme may perform the ligation step in mtBER. Accordingly, reduction of ligase III expression using an antisense strategy resulted in an increase in breaks in mtDNA [Lakshmipathy & Campbell, 2001 ].
Diseases associated with defects of oxidative DNA damage repair systems
It is quite new and non conclusive that oxidative DNA damage might result in diseases. Increasing numbers of oxidatively modified DNA lesions are proposed to be appropriate, intermediate biomarkers of a disease endpoint. For this reason alone, the association between oxidative DNA damage and disease should be determined. As seen above , it is clear that oxidative DNA damage has effects upon cells other than mutation. Nevertheless, DNA mutation is perhaps one of the most important consequences of lesion persistence, evidenced by the presence of multiple systems to prevent lesion formation and, should damage occur, ensure rapid lesion removal; with the DNA repair systems responsible for the latter having much overlap of substrates, as discussed previously [Evans et al., 2004] . Cumulative oxidative DNA damage have a significant effect of the impairment on normal cellular repair mechanisms. In fact, one of the main etiological hypotheses linking genomic instability, mutagenesis and tumorigenesis is that of deficient cellular repair mechanisms due to extensive oxidative DNA damage and cellular injury [Ziech, 2011] . Clearly, reduced repair will result in elevated lesions and an increased risk of disease [Cooke et al., 2003] . ROS-mediated DNA damage in addition to ineffective DNA repair mechanisms are well established lesions common to many life threatening human diseases, including neurodegenerative diseases, atherosclerosis, cancer, and aging has invoked free radical reactions as an underlying mechanism of injury [Ziech, 2011] . Given the importance of mutation in carcinogenesis, cancer will be the first disease in which a role for oxidative DNA damage in its aetiology is considered [Evans et al., 2004] .
Cancer
The carcinogenicity of oxidative stress is primarily attributed to the genotoxicity of ROS in diverse cellular processes [ Ziech, 2011] . Oxidative mechanisms have been demonstrated to possess a potential role in the initiation, promotion, and malignant conversion (progression) stages of carcinogenesis [Cooke et al., 2003] . It has been suggested that some signaling system induces ROS that exhibit dual roles, cancer promoting and cancer suppresing, in tumorogenesis. ROS participate simultaneously in two signaling pathways that have inverse functions in tumorigenesis, Ras-Raf-MEK1/2-ERK1/2 signaling and the p38 mitogenactivated protein kinases (MAPK) pathway. Ras-Raf-MEK1/2-ERK1/2 signaling plays a role in oncogenesis, while the p38 MAPK pathway contributes to cancer suppression. The accumulation of intracellular ROS induced by oncogenic Ras is ERK-dependent during the activation of p38a [Pan et al., 2009) Increased intracellular levels of ROS, induced by the Ras-Raf-MEK-ERK signaling cascade, may mediate the activation of the p38 pathway and act as an intermediate signal between the MEK-ERK and MKK3/6-p38 pathways. On the one hand, the activation of p38 mitogenactivated protein kinase (MAPK) is a prerequisite for ROS-mediated functions such as apoptotic cell death in cancer cells. On the other hand, inhibiting or scavenging ROS may attenuate the activation of p38-dependent pathways. Human cancer cell lines with high ROS levels display enhanced tumorigenicity and impaired p38 activation by ROS [Pan et al., 2009] . The effect of ROS by Ras may occur at the transcription level. GATA-6 is a component of the specific protein-DNA complexes at the nicotinamide adenine dinucleotide phosphate oxidase (Nox) 1 promoter, and is able to trans-activate the Nox1 promoter. GATA-6 is phosphorylated at serine residues by MEK-activated extracellular signal regulated kinase (ERK), which enhances GATA-6 DNA binding. The activity of the ROS-generating enzyme Nox1 is required for vascular endothelial growth factor (VEGF), a potent stimulator of tumor angiogenesis. Ras signaling enhances the transcription of Nox1 [Adachi et al., 2008] . A regulatory subunit, Rac, of the NADPH oxidase complex also involves the regulation of ROS [Heyworth et al., 1993 , Kadara et al., 2008 . However, if extracellular signal-regulated kinase (ERK)-dependent phosphorylation of the transcription factor Sp1 and Sp1 binding to a VEGF promoter is inhibited, this activity does not occur [Pan et al., 2009] . Although some studies suggested that increased intracellular ROS elevate the activation of p38, these results have not been confirmed yet by the other researchers. It seems that further studies are needed to understand the mechanism of ROS in cancer. Since the main purpose of this chapter is not to deal with the effect of ROS in tumorogenesis, we will explain the effect of ROS on DNA and DNA repair enzymes. ROS can cause direct oxidative DNA damage by increasing a cell's mutation. Major oxidative DNA damage products including those of 8-oxo-7, 8-dihydroadenine (8-oxoAde), , and 5, 6-dihydroxy-5, 6-dihydrothymine as well as the ring-open lesions of 4, 6-diamino-5-formamido-pyrimidine and 2, 6-diamino-4-hydroxy-5-formamidopyrimidine [Kohen & Nyska, 2002] . Of these oxidative products, 8-oxoGua is known to be a biomarker of oxidative stres and its mutagenicity in mammalian cells demonstrates an additional potential as an intermediate marker of a disease endpoint (e.g. cancer). Elevated levels of such DNA lesions have been noted in many tumor types and are strongly implicated in the etiology of cancer [Valko et al., 2006] . Approximately 50% higher rates of 8-oxoGua levels have been observed in lung, breast or prostate cancer patients when compared to otherwise healthy individuals [Tudek et al., 2010] . In addition, recent investigations have showed higher endogenous levels of 8-oxoGua in tumor tissues when compared to controls, thus suggesting oxidative DNA damage as a contributing factor in cancer development [Trachootham et al., 2009] . In addition, high levels of 8-oxoGua and possibly other DNA lesions are suggested as reliable risk factors associated with the transformation of benign to malignant tumors [Chen et al., 2007] . Furthermore, 8-oxoGua lesions are known to induce aberrant modifications in adjacent DNA a hypothesized mechanism that significantly contributes to the genetic instability and metastatic potential of tumor cells [Valko et al., 2006] . For example, formation of 8-oxoGua lesions has been shown to induce a cascade of adjacent DNA base mutations, such as GC → TA transversions in the ras oncogene [Bos, 1988] and p53 tumour suppressor gene in lung and liver cancer [Valko et al.2006 , Mos, 1988 , Takahashi et al., 1989 . Under normal conditions, DNA repair mechanisms include OGG1, nei-like glycosylase 1 (NEIL1), APE1, and MutY homologue (MUTYH) (Evans et al. 2004 ). In addition, nucleotide excision repair (NER) may also participate in the process of removing the 8-OHdG lesion [Klaunig, 2010] . Several genes involved in the processing of oxidative DNA damage have been analysed in relation to human cancer risk in molecular epidemiological studies . Among these genes, allele polymorphic variants have been found in OGG1, XRCC1, Pol b, APE1 and MUTYH, which are associated with a varying extent increased cancer risk [Canbay et al., 2010 , Agachan et al., 2009 , Narter et al., 2009 , Attar et al., 2010 . Several SNPs within hOGG1 have been reported [Kohno et al., 1998 ]. As polymorphisms in this gene alter glycosylase function and an individual's ability to repair oxidatively damaged DNA, they may contribute to carcinogenesis [Boiteaux & Radicella, 2000 , Ide & Kotera, 2004 , Shao et al., 2006 . Epidemiologic studies investigating the association between the SNPs of OGG1 have led to conflicting results. The variant allele of this SNP was shown to be associated with significantly increased risk of a number of human cancers, including lung [Hung et al., 2005 , Li & Kong, 2008 , esophageal [Xing et al., 2001] , prostate [Xu et al., 2002] , and gastric [Farinati et al., 2008] cancer but not with squamous cell carcinoma of the head and neck (SCCHN) [Zhang et al., 2004] or pancreatic cancer [McWilliams et al., 2008] . A total of eighteen polymorphisms in APE1 have been reported, among which Gln51His and Asp148Glu are the two most common SNPs. Associations between polymorphisms in APE1 and increased risk of lung, colon, breast, SCCHN, prostate, and pancreatic cancer have been reported, but with mixed results [Hung et al., 2005 , Zhang et al., 2004 , Goode et al., 2002 , Jiao et al., 2006 . Studies relating to lung cancer and smoking have supported a potential role for ROS in cancer. Cigarette smoking is strongly linked to the aetiology of lung cancer [Hoffman & Wynder, 1986] , being shown to increase the generation of free radical species [Church & Pryor, 1985] and elevate levels of oxidative DNA damage in human lungs [Asami et al., 1997 , Agachan et al., 2009 and white blood cells [Kiyosawa et al., 1990 , Lodovici et al., 2000 , as well as to increase the repair of 8-OH-Gua [Asami et al., 1996] and lead to an increased urinary excretion of 8-OH-dG and 5-OHMeUra in smokers compared to nonsmokers [Loft et al., 1994 , Pourcelot et al., 1999 . Recently ROS-mediated mutations in mitochondrial DNA (mtDNA) have emerged as an important contributor to human carcinogenesis [Freuhaug & Meyskens, 2007] . Mutations in mitochondrial genes encoding complexes I, III, IV and V, as well as within the hypervariable region of mtDNA, have been identified in various human cancers. In general, mtDNA is more susceptible to oxidative damage than nuclear DNA because (i) mitochondrial DNA is not protected by histones, (ii) mitochondrial DNA repair capacity is limited, and (iii) under physiological conditions, the mitochondria converts roughly 3-5% of O 2 consumed into •O 2 − and subsequently H 2 O 2 . In addition, mtDNA is located in close proximity to the respiratory chain and thus is consequently readily exposed to ROS-induced oxidative damage. As a result, mtDNA has more than two orders of magnitude higher frequency of oxidative damage than that of nuclear DNA and significantly correlates with the development of cancer [Ralph et al., 2010] .
Cardiovascular disease
It is known that DNA alterations exist in atherosclerotic tissues and may play a fundamental role in the pathogenesis of this disease [Olinski et al., 2002 , De Flora et al., 1997 , Lee et al., 2001 . Elevated level of 8-OH-Gua found in the lesion of the aorta wall in atherosclerotic patients may be one of the events directly involved in the development of the disease [De Flora et al., 1997] . Oxidized low-density lipoprotein (LDL) might play an important role in the development of atherosclerotic lesions [Ross, 1993] . Interestingly, it has been found that oxidized LDL downregulates enzymes that take part in the BER pathways [Chen et al., 2000] . This DNA repair mechanism is responsible for the removal of 8-OH-Gua from cellular DNA [Dianov et al., 1998 ]. Therefore, it is possible that oxidized LDL that contributes directly to the development of atherosclerosis, may also be responsible for the high level of 8-OH-Gua observed in blood lymphocytes [Chen et al., 2000] .
Neurodegenerative diseases
Alzheimer's disease (AD), Huntington's disease and Parkinson's disease (PD) are neurodegenerative conditions, thought to be the result, in part, of chronic exposure to environmental neurotoxins, coupled with a genetic component. These diseases all have oxidative stress implicated in their pathogenesis [Lovell et al., 1999 , Lezza et al., 1999 , Alam et al., 1997 , Zhang et al., 1999 , and elevated levels of oxidative DNA damage have been measured in a broad range of neurological conditions [ Koppele et al., 1996 , Alam et al., 2000 . Supportive of the studies showing elevated lesion levels are data derived from in vitro studies demonstrating that neurotransmitters such as dopamine and serotonin can generate DNA-damaging, free radical species [Spencer et. al., 1994 , Wrona et al., 1998 ]. Overall, the role of oxidative stress in neurodegenerative disease appears undisputed. However, damage to lipid and protein, rather than DNA, appears to have been apportioned the greatest significance [Markesbery, 1999 , Christen, 2000 , Smith et al., 2000 .
Inflammatory disease
The association between inflammation and oxidative stress is well documented [Wiseman et al., 1996 , Khanna & Shiloh, 2009 , with numerous studies of inflammatory conditions or infections reporting elevated levels of 8-OH-dG: hepatitis [Shimoda et al., 1994] , hepatitis C infection [Farinati et al., 1999] , and atopic dermatitis. An important source of the ROS are the bactericidal species (O 2
•-and H 2 O 2 ), generated from the respiratory burst of invading neutrophils, macrophages, and eosinophils damaging surrounding tissue. Chronic inflammation, and the accompanying oxidative stress, has been closely linked to the pathogenesis of autoimmune diseases such as rheumatoid arthritis [Bashir et.al, 1993] and systemic lupus erythematosus [Lunec et.al., 1994] , with free radical production resulting, not only in connective tissue damage, but also modified biomolecules being exposed to the systemic circulation, postulated to be the antigen driving autoantibody production [Weitzman & Gordon, 1990] . Elevated DNA levels of 8-OH-dG have been reported in lymphocytes from patients with RA, SLE, vasculitis or Behcet's disease. These same lymphocytes, from RA and SLE patients, also display increased sensitivity to hydrogen peroxide-induced cytotoxicity [Bashir et al., 1993] .
Ischemia-reperfusion injury
The literature provides a growing number of reports in which levels of oxidative DNA damage are elevated in post-ischaemia-reperfusion. Elevated levels of urinary 8-OH-dG or dTg were reported following liver transplantation, which proposed to be due to ischemiareperfusion or reoxygenation injury [Thier et al., 1999 , Loft et al., 1995 . Ischaemiareperfusion injury is a significant factor affecting morbidity and mortality following bypass and transplantation surgery, haemorrhagic or septic shock, myocardial infarction and multiple organ failure. During the period of ischaemia, xanthine dehydrogenase is converted to xanthine oxidase. Upon reperfusion, there is a "burst" of xanthine oxidase activity which, rather than transferring electrons to NAD+, transfers them to O 2 , generating superoxide, with the subsequent potential for generating other ROS and hence DNA damage. Endogenous levels of xanthine dehydrogenase vary from organ to organ and hence ischemia-reperfusion injury might be more relevant to some tissues than others. Human leukocytes appear to be sensitive to the genotoxic effects of ischemia-reperfusion (163) and therefore represent a potential surrogate tissue in which to study the effects of ischemiareperfusion that have affected a less accessible tissue.
Aging
Major theories of aging are grouped under two categories: damage accumulation aging and developmentally programmed aging. However, a developing (emerging) hypothesis described as the free radical theory of aging appears to have adopted elements of the former theories. The basis of the Harman's theory [Harman, 1956] suggested that aging occurs through the gradual accumulation of free radical damage to biomolecules. With age, antioxidant defences fail to scavenge all potentially damaging radical species that result in the insidious accumulation of damage and gradual loss of function [Beckman et al., 1998 ]. One of the few focussing upon DNA damage, is a report of an age-related increase in serum 8-OH-dG in apparently disease-free individuals over an age range of 15-91 years [Rattan et al., 1995] . Although this same trend was not evident in the urinary 8-OH-dG output of infants, a gradual increase was noted over the first month postpartum, which mirrored the velocity growth curve [Drury et al., 1998 ]. The accumulation of lesions can, in part, be explained by the discovery that DNA repair capability correlates with species-specific life span [168] . Furthermore, repair activity appears to decline with age, resulting in the persistence of damage and a subsequent increase in replication errors [Hirano et al., 1995] .
Conclusion
Although there is association between oxidative DNA damage and diseases, elucidation of the role of oxidative DNA damage requires much more work. It is well known that DNA repair enzymes are important for oxidative DNA damage. If individual spesific biomarkers related DNA repair enzyme are found, new treatmant strategies would be developed to cure disease related oxidative DNA damage.
